ABSTRACT.-Chromosome behavior during meiosis of the tetraploid Isoetes sinensis was observed to be similar to that of basic diploid Isoetes species. This observation was consistent with the previous report that polyploid species of Isoetes are allopolyploids. Meiosis was generally similar in both megaspore and microspore mother cells, but differences were observed. Due to the smaller size of the microspore mother cells, during prophase I, chromosomes are not as dispersed as those in megaspore mother cells. Cytomixis was observed in all stages of meiosis in microspore mother cells, but it was not seen at any stage of meiosis in megaspore mother cells. Cytomixis, lagging chromosomes, chromosome bridges, chromosome fragments, and micronuclei, observed during meiosis in I. sinensis, can affect sexual reproduction, but it does not appear to be a major cause of population decline in this species. The major cause of decline is habitat degradation from human disturbance. The few remaining populations of the Chinese quillwort are fragmented and the numbers of individuals contained in these populations dwindle as a result of habitat degradation. Conservation efforts are needed to save I. sinensis from extinction.
The Isoetaceae is an ancient family of heterosporous lycopsids. It includes one cosmopolitan genus, Isoetes, which contains from 130 to 350 living species (Jermy, 1990; Hickey et al., 2003) . Species range in habit from evergreen aquatics to ephemeral terrestrials (Taylor and Hickey, 1992) . Chromosome counts of Isoetes range from 2n ¼ 2x ¼ 20, 22 to 2n ¼ 12x ¼ 132 (Manton 1950; Lö ve and Lö ve, 1977; Kott and Britton, 1980; Hickey, 1984; Bhu and Goswami, 1990; Takamiya et al., 1994) . For the four Chinese species, Liu et al. (2002) reported 2n ¼ 22 counts for Isoetes hypsophila Handel-Mazetti, I. taiwanensis DeVol and I. yunguiensis Q. F. Wang & W. C. Taylor and 2n ¼ 44 for Isoetes sinensis T. C. Palmer. He et al. (2002) also reported a 2n ¼ 44 count for I. sinensis.
Chromosome behavior and pairing during meiosis are related to the phylogeny and ecology of plant populations. Synapsis, crossing over, and segregation of chromosomes during meiosis affect the evolution and adaptation of taxa. In this regard, heterosporous lycopods such as Isoetes have evolved a unique reproductive system worthy of study. There have been few studies of chromosome behavior during meiosis in spore mother cells of Isoetes except for chromosome figures in metaphase I for several Indian species by Bhu and Goswami (1990) and the Japanese taxa by Takamiya et al. (1996) . Therefore, the goals of this study were to: 1) describe chromosome behavior during sporogenesis in the endangered species I. sinensis, 2) compare meiotic behaviors in microspore and megaspore mother cells and 3) determine if there are cytological irregularities during meiosis in I. sinensis that could affect its reproduction.
MATERIALS AND METHODS
Samples were collected from two native Isoetes sinensis populations, one in Songyang County, Zhejiang Province that included two subpopulations 800 m apart and another in Xiuning County, Anhui Province. Collections were made in July 2002 and the living plants were cultivated in ponds in the Wuhan Botanical Garden, Chinese Academy of Sciences. The voucher specimens were deposited in the Wuhan Botanical Garden Herbarium, Chinese Academy of Sciences (HIB). To obtain somatic chromosome figures, young leaves from the shoot apex of six plants were pretreated in 0.1% colchicine for 3 hours before fixing. To obtain meiocytes in the proper stage for meiotic analysis, young intact sporangia were harvested from 20 different plants between 20 April and 20 May 2003. Both somatic and meiotic samples were fixed in Farmer's Solution (3:1 absolute ethyl alcohol: glacial acetic acid) for 30 minutes and then placed in refrigerated 70% alcohol for at least 30 minutes. After washing with distilled water 3 times, the sporangia were transferred to a 30 mmol/L (pH 4.5) citric acid buffer containing a mixed enzyme solution of 1.5% cellulase ''Onozuka'' Rs (Yakult Honsha Co. Ltd, Tokyo, Japan) and 1.5% pectolyase Y23 (Sigma P3026) at 348C for one hour. The digested tissue was then washed 3 times in distilled water for a total of 30 minutes and transferred to fresh Farmer's Solution for 30 minutes. Sporangia were opened and meiocytes dispersed in 2-3 drops of Carnoy's fluid on a microscope slide. The slide was gently flamed until dry and then stained with Giemsa at pH 7.1 for 30 minutes. Each slide was washed for several seconds and examined for figures using a Leitz compound microscope.
RESULTS
Somatic chromosome counts of Isoetes sinensis from both of the populations sampled were uniformly 2n ¼ 44. This is consistent with the previous counts by He et al. (2002) and Liu et al. (2002) . The interphase nucleus in Isoetes sinensis is of the complex type, with heterochromatic fragments forming irregular chromocenters scattered throughout the nucleus (Fig. 1 ) and prophase chromosomes (Fig. 2) belonged to the interstitial type, i.e., the heterochromatic fragments and euchromatic fragments distributed with no obvious boundaries (Tanaka 1971 (Tanaka , 1977 . In metaphase, the ratio of the longest chromosome to the shortest was 1.35:1 and chromosome lengths ranged from 3.7-5.0 lm (Fig. 3) . At anaphase, the centromere of each chromosome divided and the sister chromatids moved to opposite poles (Fig. 4) . The mitotic divisions in a sporangium that proceeded meiosis were nearly synchronous, and the large and densely stained mitotic nuclei were obvious in the sporogenous tissue .
The megaspore and microspore mother cells differ in their morphology. Each megaspore mother cell was ovoid to globose, 62-75 lm in diameter, with a transparent, thick perine enclosing the cell. The cytoplasm was dense, viscous, readily stained, and contained many nucleoli dispersed throughout the cell (Fig. 7) . Microspore mother cells were globose, 10-12 lm in diameter, with a transparent, thin perine enclosing the cell and contained few nucleoli dispersed throughout cell (Fig. 8) . A few sporangia appeared to contain both megaspore mother cells and microspore mother cells. Sporangia containing both immature megaspores and tetrads of microspores were also observed (Fig.  45) . Immature megaspores were 126-129 lm in diameter, including the transparent outer perine . Mature megaspores were 313-316 lm in diameter, including the perine. Immature microspores were 14-16 lm, ellipsoid to kidney shaped, and bilaterally symmetrical. Uniform mature microspores were 26-28 lm.
The First Meiotic Division.-In early prophase I, the filamentous chromosomes, derived from chromatin condensation, were dispersed throughout the megaspore mother cell. At leptotene, the thread-like chromosomes formed a tangled reticulum ( Fig. 9 ). At zygotene, regions of the homologous chromosomes that had achieved synapsis were thicker than the unpaired regions. Different pairing patterns for homologous chromosomes were observed. In some cases, synapsis began simultaneously at several contact points along the length of the chromosomes. In other cases, synapsis proceeded from one end to the other. In a few cases, regions of homologous chromosomes remained unpaired indicating that some structural differences existed between the two homologs. During zygotene, we also observed a few abnormal chromosome pairing behaviors like duplication pairing and partial partner switching between two homologous chromosomes and a third chromosome (Fig. 10) . Duplication pairing and partial partner switching are the two of forms of multivalent synapsis. At early pachytene, homologous chromosomes had completed bivalent formation. Except for an occasional duplicate pairing or multivalent synapsis, homologous chromosome pairing was normal . At pachytene, the twenty-two linear bivalents became easier to distinguish as they continued to thicken (Fig. 13) . The chromosomes appeared nearly equal in length and chromomeres were clearly discernible. At diplotene, chromosome chiasma occurred (Fig. 14) .
During microsporogenesis, chromosome morphology, condensation, pairing, synapsis, and segregation were generally similar to that observed in megaspore mother cells zygotene; pachytene; Fig. 21, diplotene) , but there some were obvious differences. First, at prophase I, the size of the microspore mother cell constrains the spread of condensing chromosomes and hence chromosomes are more conjested than those in the megaspore mother cell . Second, cytomixis occurred throughout microsporogenesis , whereas it was absent during megasporogenesis.
During diakinesis and metaphase I, bivalents were observed in megaspore mother cells and microspore mother cells . Univalents or multivalents were not seen. In microspore mother cells, secondary synapsis was observed. The configurations formed by these synapses were dependent on the number and position of the chiasmata present in the bivalents. For example, Fig. 28 chiasmata located at the end of the chromosome arms and two at the center of the arms. Nucleoli gradually disappeared during diakinesis.
During metaphase I (Figs. 29-31 ), all chromosomes arrayed along the metaphase plate. As megaspore mother cells continued to develop and enlarge, the cell wall became thicker and more rigid. In addition, the cytoplasm became filled with metabolic products that obscured the chromosomes and the thicker wall made it difficult to flatten and spread preparations in order to see chromosomes. Therefore, following diakinesis, it was necessary to focus on microspore mother cells to describe cytological changes during the succeeding stages of meiosis. Pairing of bivalents was frequently observed in microspore mother cells (Figs. 29-30) . Sometimes two or more bivalents associated to form a short or long chain (Figs. 30-31) .
At anaphase I (Figs. 32-33 ), chromosome configurations in the microspore mother cells were clearly seen. Of the 118 cells evaluated in anaphase I, 24.4% showed abnormalities such as the presence of lagging chromosomes (Figs. 34,  36 ), chromosome fragments, or chromosome bridges (Figs. 34-35 ). It was uncertain if there were such abnormalities in megaspore mother cells since the densely stained cytoplasm obscured the chromosomes (Fig. 37) . During telophase I, chromosomes uncoiled into chromatin, nucleoli and nuclear membranes reappeared, and dyads formed.
The Second Meiotic Division.-In prophase II, chromatin in the daughter nucleus of each dyad condensed and coiled into chromosomes again. At metaphase II, the centromere of each chromosome split and the chromatids separated. During anaphase II, the four daughter nuclei became arranged as if they were at the ends of a cross. Lagging chromosomes and micronuclei were found in 26.9 % of 191 microspore mother cells observed (Fig. 38) . In a few of these cells, unbalanced divisions occurred yielding two larger and two smaller daughter nuclei (Fig. 39) . In such case, the resulting tetrad of microspore mother cell daughter nuclei formed a one-dimensional tetragonal configuration. In contrast, the tetrad of the megaspore mother cell daughter nuclei formed a threedimensional tetrahedral configuration , and the walls became further thickened.
Approx. 8.4 % of 152 randomly counted megaspores appeared to be irregular in size and form (Fig. 44) . Approx. 14.8% of 266 microspores were observed to be irregular in size and form (Figs. 40-41 ). This percentage of irregular microspores was considerably lower than the 24.4% incidence of abnormal chromosomal behavior noted in microspore mother cells during anaphase I (Figs. 34-36) . Takamiya et al. (1997) reduced this hexaploid taxon to I. sinensis var. coreana. Takamiya et. al. (1996) reported on chromosome behavior during meiosis for Japanese species of Isoetes. In this paper, we provided a more detailed analysis of chromosome behavior in I. sinensis with an emphasis on prophase I chromosome behavior in both megaspore and microspore mother cells.
We observed the mixed sporangia in Isoetes sinensis, and this result was consistent with the reports in I. pantii Goswami & Arya (Goswami, 1975 ) and I. yunguiensis . Isoetes sinensis showed chromosome pairing and bivalent formation similar to that observed in basic diploid species except that twenty-two bivalents formed in this tetraploid instead of the eleven bivalents observed in basic diploid species. These observations of bivalent formation in I. sinensis were consistent with those previously reported for allopolyploids by Takamiya et al. (1996) .
In Isoetes sinensis, megasporogensis appears to be a more reliable process than microsporogensis in the production of uniform meiotic products. During the early stages of megasporogenesis where chromosomes could be clearly observed, chromosome behavior appeared normal. Only about 8% of the megaspores produced appeared to be irregular in size and form. In contrast, during microsporogenesis, microspore mother cells showed secondary pairing of bivalents and abnormal chromosome behavior in nearly 25% of the cells examined during anaphase I. About 15% of the microspores produced appeared to be irregular in size and form.
Cytomixis, the transfer of cytoplasmic and nuclear contents from one cell to another, has been observed in pollen mother cells of angiosperms (Cheng et al., 2001; Malallah and Attia, 2003) , but cytomixis has not been reported in Isoetes. Cytomixis can lead to the production of abortive pollen grains (Sapare, 1978; Samushia et al., 1979) . Drugs or mechanical pressure may cause cytomixis (Bobak and Herich, 1978; Morisset, 1978) . However, cytomixis can occur naturally to produce variations in chromosome number (Cheng et al., 1980; Cheng et al., 1982) . Whatever its cause, cytomixis in I. sinensis was characterized by: (1) an occurrence during all stages of meiosis; (2) a frequency of incidence which varied among individuals, sporangia, and locations in the same sporangium, and (3) the presence of intercellular spaces along the perine of microspore mother cells undergoing cytomixis. Abnormalities observed as a consequence of cytomixis included unbalanced chromosome numbers, micronuclei, and enucleate cells.
We cautiously assert that cytomixis is a natural phenomenon in I. sinensis. We do not believe that our experimental methods caused cytomixis since we have used the same methods to study meiosis in members of the Taxodiaceae, Magnoliaceae, Styracaceae, and Actinidiaceae where cytomixis was not always seen.
Isoetes sinensis is an element of the Sino-Japan forest subkingdom (Wu and Wu, 1998) . Generally, in Isoetes, each megasporangium contained 40-60 megaspore mother cells and each microsporangium contained ca 75, 000 microspore mother cells (Smith, 1900) . We do not believe that the incidence of abnormal chromosome behavior we observed in our study could greatly impede the reproduction and dispersal of I. sinensis. We have observed that in native populations and in botanical garden cultures, I. sinensis reproduces effectively. Isoetes sinensis is known from more than thirteen populations in five Chinese Provinces, but field studies have revealed that eleven of these populations, one in Nanjing, Jiangsu (the type locality), four in Zhejiang, four in Anhui, one in Guangxi, and another in Jiangxi, may no longer exist. Of the remaining four sites, the Songyang and Jiande, (Zhejiang) populations cover less than 1000 m 2 (Ye and Li, 2003) , the Xiuning, Anhui population covers less than 900 m 2 , and the Guilin (Guangxi) population has only a few individuals remaining. Although cytomixis, lagging chromosomes, chromosome bridges, chromosome fragments, and micronuclei observed during meiosis in I. sinensis may have some effect on sexual reproduction, they probably play only a minor factor in population loss. The main cause of population decline of I. sinensis appears to be from human disturbance. With increasing urbanization, destruction of wetlands, and water pollution, habitats for I. sinensis are becoming degraded and fragmented and, as a result, populations are dwindling. Intensive searches to locate additional native populations as well as strict conservation measures to safeguard the remaining known populations are urgently needed.
